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XXXL Heati,~g E]'ects at the Cathode in Vacuum Tubes. By 
B. HODGSON, ~I.Sc., Ph.D.,  Assistant Lecturer in _Physics, 
and P. A. ~/[AINSTONE, B.Sc.. The Universitj, Brlstol*. 
1.lIT was known to the early experimenters in vacuum- 
lk tube work that the electrodes became heated uring 
the dlsclmrge, and that the cathode became hotter than the 
anode. Pliicker t c ~iled the negative lectrode the Wiirmepol, 
and Hittor[ suggested that the big potential gradient near 
the cathode was the cause of the higher temperature. The 
first calorimetric measurements of the heat energy given to 
the cathode ~ppear to have been made by N~mcari and 
Bellati ~: in 1878. They" observed the proportionality between 
current, aad heat energy, and also the fact that the cathode 
received from 8 to 23 times as much heat as the anode. 
Granqvistw later verified the proportionality of current and 
cathode temperature ; and one of the authors H measured in 
absolute mitts the heat energy communicated with various 
curren~ and gas pressures. This measurement led to the 
conclusion that only a small number of negative carriers 
took part in the discharge a~ the cathode surface. 
w 2. Apparatus. 
This work was continued with improved apparatus anti 
w i th  electrodes of different metals in the gases oxygen, 
hydrogen, nit.rogen, and air. The electrical arrangement.s 
were those described previously82 Two types of vacuum- 
tubes were used. The first is shown in fig. 1. 
Fig. 1. 
- -  V A 
The tube A was made in two sections, fit.ting together by 
means of the ground-glass joint J. The cat.hode K consiste]l 
of a cylindrical cup, the cavity of which was of such a size 
* Communicated by the Authors. 
t Pliicker, Amz. d. Phys. ciii. p, 90 (1858). 
:~ Naccari and Bellati, tleibl, d. Ann. vol. it. p. 720 (1878). 
w Granqvist, 0jrv. Kon. Vet.-Akad. 5'tockhobn, No. 43, p. 727 (L898). 
]t Itodgson, Phil Meg'. April 1913~ p. 453. 
82 t[odg'son~ loc. cir. 
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412 Dr. Hodgson and Mr. Malnstone on [leati,y 
as to admit the bulb of a sensitive mercury thermometer. 
The thermometer was completely enclosed in the tube B, the 
open end of which was closed by a glass cap C, and rendered 
airtight by means of pic6in. A fine wire, which was soldered 
to the cathode, passed along the tube B, and enabled elec- 
trical connexion with the cathode to be made. The diameter 
el the tube was about 5 cm., and the distance separating the 
electrodes 14 cm. 
In some later experiments a tube of the form shown in 
fig. 2 was used. 
Fig. 2. 
This consisted of two spherical bulbs each 11 cm. in 
diameter, in each of which could be fixed an electrode 
similar to the cathode of fig. 1. The thermometers were 
entirely enclosed in the vacuum-tube, and the leads in this 
case passed through glass tubes in order to confine the 
discharge to the electrode proper. With this form of 
apparatus there were two distinct advantages: firstly, the 
electrodes were fixed at some distance from the sides of the 
vacuum vessel, and so electrostatic disturbances of the field 
near the cathode were avoided; and secondly, the whole 
could be immersed in a water-bath, which allowed a more 
accurate observation of tile equilibrium temperature to be 
made. The heat capacity of the cathode complete with 
thermmneter and leads was obtained experimentally, using 
a modified form of Regnau]t's specific heat apparatus. 
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.Effects at the Cathode in Vacuum Tubes. 413 
w 3. Relation between current and heat energy given to the 
cathode in the case of the normal cathode glow. 
I t  was shown + that there existed a linear relation between 
current and cathode temperature, and the statement made 
that is the rate of cooling of the cathode was proportional 
to its excess temperature, then a linear relation would exist 
between current and cooling-rate, that is, between current 
and heat energy supplied by bombarding ions. That this is 
true was verified in the following way. The current-tempe- 
rature curve was obtained, and also the cooling-rates for 
the whole range of temperature involved. The value of the 
dO 
cooling-rate ~-/ was plotted against current, and a straight 
line obtained. A few of these are shown in Curves I., II., 
and I I I .  This is to be expected, for with the normal glow 
the only condition changing with an increase of current is 
the area of the cathode covered with glow; the cathode fall 
and the current density both remain constant. 
I i / 
. - _Z~ . . . . . . . .  /'7;~ / i .- 
i 
+P ~,0 ~i~_~t  40 ~o , 
As soon as the cathode is covered with glow then both 
the cathode fall and current density increase. The cathode 
temperature was next investigated under these circumstances. 
t Hodgson, Phi!. Mag. April 1913, p. 45#=. 
Phil. Mag. S. 6. Vol.. 26. ~o. 153. Sept. 1913. 2 F 
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414 Dr. ttodgson a~u~ Mr. Mainstone on Heating 
w 4. Relation between cathode temperature and current 
when the abnormal cathode fall exists. 
In the earlier paper* no change was detected in the 
relation between current and cathode temperature when the 
abnormal discharge commenced. This was investigated with 
the new apparatus, in which the cathode had a smaller heat 
capacity, and with this increased sensitiveness the change was 
detected. 
Curves [V. and V. were obtained by plotting current 
against cathode temperature. They show the deviation from 
the straight line as soon as the abnormal cathode fall begins, 
I t  was found that this could be shown more effectively if 
the abnormal discharge was brought about by lowering the 
pressure and keeping the current constant. As soon as the 
cathode gl0w covered the cathode the temperature rose 
quickly, as shown in Curves VI., VII., and VII I .  Similar 
curves were obtained by Starkt, showing the relation between 
cathode fall and pressure with constant current. 
A further point is seen, namely, that during the normal 
glow there is a slight rise in temperature as the pressure 
rises. This may be due to either a lessening of the cooling- 
rate or an increase in the normal cathode fall with increase 
ing pressure. Jones$ found that the normal cathode fall 
ltodgson, Phil. Mag. vol. xxv. p. 456 (1913). 
§ Stark~ Winklemann's Handbk. der _Phys. Bd. iv. p. 517. 
$ Jones~ Phys. Rev. xxxii. 1 ~. 339 (1911). 
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Effects at the Cathode in Vacuum Tubes. 415 
increased with pressure in hydrogen and helium with cathodes 
o[ aluminium, zinc, magnesium, and platinum. Warburg*, 
I 
d.~, ~ C~ff,* a. - r  . . . .  
/ ~  2 -~a~ , , -~ 2~.  ~.  4-*~ 
on the other hand, found it increasing with some electrodes 
and decreasing with others. In order to be certain that the 
effect was not due to difference in the rate of cooling, the 
energy communicated to the cathode was determined asin w 3. 
The following results were obtained : -  
TABLE I. 
Copper in Oxygen. (Normal glow.) 
Pressure Energy (mean of 3). 
(mm. Hg.) Units arbitrary. 
3'09 146 
2"64 146 
2"12 142 
1"63 141 
1"34 139 
1"04 128 
0"83 126 
0'60 120 
* Warburg, Ann. d. Phys. xxxi. p. 11 (1887) ; xl. p. 570 (18~0). 
2F2  
D
ow
nl
oa
de
d 
by
 [U
Q 
Li
bra
ry]
 at
 21
:37
 19
 Ju
ne
 20
16
 
416 Dr. Hodgson and Mr. Mainstono n Heating 
w 5. Absolute measurement o~the ].,eat energy ~lwen 
to the cathode with normal glow. 
The current was kept constant ill the cathode took up 
that temperature at which the heat lost by radiation, &c., 
was equal to that supplied by the bombarding positive ions. 
The rate of cooling of the cathode was determined, and thus 
M dO 
9 d-i could be obtained, 
where M = heat capacity of cathode, 
~ =rate of cooling at the equilibrimn temperature 0. 
The quantities involved in the theoretical calculation of 
the heat energy given to the cathode are i the current and 
V the mean potential through which the bombarding ions 
fall. 
If n positive ions strike the cathode per second, then nov 
is the energy communicated per second. Now if the current 
is carried entirely by positive ions ne=i and the energy 
given up per second=iV. 
The two quantities MdS- -a  and iV=/~ were obtained 
dt - -  ' 
and the ratio a/t8 calculated, assuming V to be the normal 
cathode fall. 
The maximum value that this ratio can assume is 1"0, 
when the current is carried by positive ions only (provided 
that no internal energy of the molecule is evolved as heat 
during the process" of ioniztrtion). , Should :each positive ion 
in striking the catho4e ionize.and produce only one negatlvo 
earri0r, then the ratio 0:5~would result. I f  more than one 
negative carrier esulted from: each collision, ~he. value of the 
ratio would be still smaller. 
Some work not yet published has shown that in the case 
of the anode the energy given nn to it reauires the negative 
carriers to gai, w:en~g'jr~in a.iha~-~:a~:leas~ 1 cm. long in 
oxygen at a ~rg.cs~rO:. of :2=~ ram. I~ ~ tl~iS distance/he ion 
collides often, a~ht ili!iqrder that its eneYgy may still be given 
to the anode it is necessary that on c011iSions complex ions 
be formed. A neutral gas molecule 5d:mbarding the anode 
would merely recoil and give up no energy. 
In the case of the Cathode the same thing must hold, and 
the problem that presents itself is the question as to the length 
of path through which the positive carriers can accumulate 
energy. This is settled by our knowledge of the discharge 
in vacuum-tubes. The negative glow is the source of most 
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Effects at the Cathade in Vacuum Tubes. 417 
of the positive carriers, and there the electric field is very 
weak, and hence in the negative glow little energy can be 
acquired So that the maximmn energy a positive carrier 
9 . ( :~~ 9 , 
can give up to the cathode is that obtained by its passing 
through the normal cathode fall. For this reason V was 
Caken as the normal cathode fall. 
w 6. _Preparation of Gases. 
Experiments were performed in air, oxygen, hydrogen, 
and nitrogen. 
The oxygen was prepared from pure potassium perman- 
ganate crystals. These were placed in a glass tube sealed 
an to the vacuum-tube, The whole was pumped out empty, 
and frequently washed out with gas before use. 
Fig. 3. 
F 
I 
) 
h 
i 
I I 
Hydrogen *~ was obtained by the electrolysis of water and 
purified in the following way. The hydrogen was prepared 
in the tube C (fig. 3) and admitted through a tap to the 
vessel A, previously evacuated by means of an aspirator. 
In this vessel was a palladium wire B sealed through the 
end of a tube D which was connected to the vacuum-tube, 
~* This method was seen in use in the Physical Institute of the 
University of Giittingen. 
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418 Dr. Hodgson and Mr. Mainstone on Heating 
so that the palladium wire was in contact with both the 
space of the vessel A and that of the vacuum-tube. The 
wire was surrounded by a platinoid spiral that could be 
heated to redness by means of an electric current. When 
the palladium became sufficiently hot, pure hydrogen was 
absorbed and diffused through the wire into the vacuum- 
tube. 
Nitrogen was prepared by heating crystals of ammonium 
dichromate in tubes sealed on to the apparatus. The sub- 
stance breaks up violently in a vacuum, and it is necessary 
to seal on many tubes, each containing a small piece of the 
substance, if one wishes to avoid an explosive volution of gas. 
On passing the discharge gases are evolved from the elec- 
trodes, and impurities so introduced can make enormous 
differences in the cathode fall. When this occurs it is 
necessary to wash out the apparatus again and refill with 
pure gas, repeating these processes till the evolution of gases 
ceases .  
w 7. Results in Oxygen and Hydrogen. 
The following results were obtained : -  
Meta l - lead.  
Gas--oxygen, pr=3"03 mm. 
i ---- 0"00.194 amp. 
V~= 370 volts. 
0 = cathode temperature=63~ C.
A ---- air ,, = 15~ C. 
d0 4"67 (o C. per sec.). 
dt --- 60 
M = 2"20. 
M d0 4"67 ~/~ = 2"20 • ~ x 4"18 x 107 ergs. 
---- 7"15 x 106 ergs. 
iV ---- 0'00194 x 370 (amp. volts). 
---- 7"18 • 106 ergs. 
a/fl = 0"995. 
The other results are given in brief. 
The values of the cathode fall in oxygen are taken from Thomson'a 
' Conduction through Gases,' 2nd edition, p. 560. For other gases the 
values are taken from the following paper, Rottgardt, Ann. d..Phys. 
xxxiii, p. 1161 (1911). 
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.Effects at the Cathode in Vacuum Tubes. 
TABLE II. 
Gas--Oxygen. 
419 
Cathode.  Gas  pressure  dO 
in mm. ~[ .~- .  iV. a/• 
Cu . . . . . . . . . . .  
Pb . . . . . . . . . . . .  
Pb  . . . . . . . . . . . .  
N i  . . . . . . . . . . . .  
N i  . . . . . . . . . . . .  
Ag  . . . . . . . . . . . .  
Ag  . . . . . . . . . . . .  
3 '09 
3"03 
3"05 
1"21 
0"61 
0"65 
0 '65 
1 "42 
7"15 
5 '62 
3"52 
3"41 
3"68 
3"72 
1'31 
7"18 
5'37 
3"64 
3"64 
4"08 
4 '08 
1 '03 
1"00 
1'05 
0 '97 
0"94 
0 '90 
0'91 
TABLE I I I .  
Gas--Hydrogen. 
Cathode.  Gas  pressure M dO 
in ram. . ~ ' .  iV. a/ft. 
Cu . . . . . . . . . . . .  3"16 
Pb  . . . . . . . . . . . .  3"63 
N i  . . . . . . . . . . . .  ' 2"48 
Ni  . . . . . . . . . . . .  i 2"48 
~Ni . . . . . . . . . . . .  i 1.92 
Ag . . . . . . . . . . . .  ~ 2"38 
Ag . . . . . . . . . . . .  2"13 
d 
1 "03 
5"44 
8 '75 
8 '83 
9 '33  
9"86 
9"94 
1'03 
5"36 
7"73 
8"01 
8 '88 
8"55 
8"85 
1"00 
1"01 
1"13 
1"10 
1 '05 
1"15 
1"12 
In these two gases the value of a/~ is approximately 1"0, 
so that the number of negative carriers taking part in tb, 
discharge is relatively small. If the normal cathode fall is 
the potential through which a positive ion must fall to gain 
energy sufficient o ionize the cathode metal*, then only 
those ions which pass through the dark space without a 
collision will ionize. This is a very small fraction of the 
total number bombarding the cathode, as can be seen by 
considering a special case. Consider the gas hydrogen at a 
pressure of 1 ram., with a cathode fall of about 400 volts, 
and a dark space 3"7 ram. in length. Now the mean free path 
of a hydrogen molecule at 1 mm. pressure is about 0"14: mm. 
at air temperature. So that in order to strike the cathode 
without a collision, the positive ion (if it is moving with a 
speed of the same order as the mean molecular speed) must 
pass through a distance 26 times its mean free path, and the 
probability of its performing this feat is extremely small. 
If its speed is great compared with the mean molecular 
speed, its mean free path becomes v/2 • 0"14 mm.. or 0"2 mm 
* S tark ,  Wink lemann 's  Handbk. d. -Phys. Bd.  iv.  p. 516  
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420 Dr. ]:lodgson and Mr. Mainstone on Heating 
Chat is only 1118 of the length of the cathode dark  space. 
The probabi l i ty  of passing this distance without  a col l is ion 
is still an extremely small quantity, and this would account 
for the ratio having the value 1"0. 
w 8. Resu l ts  in A i r  and ,Nitrogen. 
TABLE IV .  
Gas - -A i r .  
CaLhode. 
Cu 
Cu 
Cu 
Pb 
Pb 
Pb, 
Ni 
Ag.. 
Ag ......... 
Gas pressure dO 
in ram. tig. M "2[" 
3"10 1"20 
2"73 1"18 
2"19 1"13 
303 7"30 
3"06 5"29 
] "80 1"19 
0"55 3"23 
0'55 3"44 
0"87 4"13 
0'80 4'13 
iV. 
1"00 
1'00 
1'00 
4"02 
3"00 
0"81 
2"03 
2"26 
3"49 
3"49 
1'20 
1"18 
1'13 
1 "82 
1 "76 
1"46 
1 '59 
1 "52 
1'18 
1"18 
B. 
1"38 
1"38 
1",38 
1 "79 
1 '79 
1 '79 
1"47 
1 "47 
1"33 
1 "33 
Cathode. 
Pb ......... 
Ni ......... 
Ni ......... 
Ag 
~g 
Gas pressure 
in mm. l:Ig. 
3"75 
2"34 
1-35 
1 "68 
2"28 
TABLE V. 
~as - -N i t rogen.  
dO 
M . dt " iV. 
7"60 5"15 
4 O8 2"56 
3"53 2"47 
4"06 2"56 
4"67 3"03 
1 "59 
1"42 
1 "58 
1"54 
~k. 
1"68 
1"68 
1 "59 
1 "59 
I t  wil l  be seen that  in air  and n i t rogen the rat io has in 
genera l  a value much h igher  than 1"0. The method of pre-  
par ing  n i t rogen is not  free from ob jec t ion :  the compound 
used contains oxygen,  some of which i s  l iberated with the  
ni t rogen ; and Warburg*  has shown that  a trace of oxygen 
has the effect of increas ing considerably the cat| lode fall .  
The sixth column (Table V.)  gives the rat io 
cathode fal l  in oxygen =A,  
cathode fal l  in n i t rogen 
which is the max imum value that  a[t~ can assume under  
these c ircumstances.  The value a/f l  in each case approaches 
~he value A.  
9 Warburg, A~n. d. Phys. xL p. 1 (1890). 
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Effects at the Cathode i,n Vacuum Tubes. 421 
There appears no good reason why the values in air should 
be above the value 1"0, yet they are invariably so. The 
column B (Table IV.) gives the ratio 
cathode fall oxygen 
cathode t~ll air 
and apparently both in air and impure nitrogen the bom- 
barding ions have passed through the oxygen cathode fall. 
w 9. As mentioned in w 6, the evolution of gas from the 
electrodes i  a source of much impurity in the gases used. 
The effect of prolonged running of the tube was tried with 
lead and nickel cathodes in nitrogen. The following table 
gives the results : -  
TABLE VI. 
Nickel in nitrogen. 
Exp. I a/~. Notes. 
1 ~ . . . . .  [ 
2 . . . . . .  ] 
3 . . . . . .  r 
4 ...... j 
5 ...... r 
6 . . . . . .  
1 "59 
1 '34 
1 "25 
1 "35 
1'25 
1 "59 
N dry and fresh. Tube run only a short time. 
Same gas used. Gas evolved. 
Same gas used. Gas evolved; 
Same gas used. Gas evolved. 
Current run 3 hours before taking a reading.! 
Fresh, dry N let in, 
TABLE VII. 
Lead in nitrogen. 
a/fl. Notes. Exp. 
I ...... 
3 ...... 
4 ...... 
5 ...... 
...... 
7 ...... 
S ...... 
1 "48 
1 "28 
1'16 
1"10 
1"08 
0"98 
1 "32 
1 '08 
Fresh dry nitro*en. 
Gas absorbed. 
Fresh nitrogen. Gas evolved. 
Nascent sodium used. Gas absorbed. 
Nascent sodium used. Gas absorbed. 
Nascent sodium used. Gas absorbed. 
Fresh N admitted, Gas evolved. 
Nascent sodium used. Gas absorbed. 
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422 Heating Effects at the Cathode in Vacuum Tubes. 
The value of the ratio diminishes as the tube becomes old, 
and also the use of nascent sodium* to absorb oxygen 
appears to have the same effect. 
w 10. These experiments seemed to point to the fact that 
the ratio a/~ would invariably be 1"0 if the correct value of 
the cathode fall were used. The apparatus was then modified 
so that a sound could be moved into the negative glow, and 
the potential difference between the sound and the cathode 
measured. The following results were obtained :- -  
TABLE V I I I .  
Cathode--Lead. 
Gas. V measured. V book value. 
0 
H 
N 
Air 
350 
260 
350 
'290 
373 
276 
210 
207 
The table shows clearly the reason for the deviation from 
1"0 of the ratio a/~. For oxygen and hydrogen the values 
are approximately those given by Rottgardt and Thomson, 
but in air and nitrogen the values are quite different. 
Experiments are being performed using the sound to 
dO 
measure the cathode fall simultaneously with M. dr- ' to deter- 
mine more accurately the ratio a/~ and to fix its deviation 
from the value 1"0. 
Summary~. 
1. With normal glow the heat energy communicated ta
the cathode is proportional to the current. 
2. When the abnormal glow sets in the heat given to the 
cathode increases more rapidly as the current increases. 
3. The ratio a/~ is approximately 1"0, showing that at the 
cathode surface only a few corpuscles are engaged in carrying 
the current. 
The above work was done in the physical laboratory of 
the University of Bristol, and the authors' thanks are duo to 
Dr. A. M. Tyndall for placing at their disposal the apparatus 
necessary for carrying out,thework. 
* Warburg, Ann. d. Phys. xl. p. 2 (1890). 
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